ABSTRACT This study was conducted to determine the effect of tea polyphenols (TP) on production performance, egg quality, and hepatic-antioxidant status of laying hens in vanadium-containing diets. A total of 300 Lohman laying hens (67 wk old) were used in a 1 plus 3 × 3 experiment design in which hens were given either a diet without vanadium and TP supplementation (control) or diets supplemented with 5, 10, or 15 mg V/kg and TP (0, 600, 1,000 mg/kg) diets for 8 wk, which included 2 phases: a 5-wk accumulation phase and a 3-wk depletion phase. During the accumulation phase, dietary vanadium addition decreased (linear, P < 0.01) albumen height and Haugh unit (HU), and TP supplementation mitigated (linear effect, P < 0.01) this reduction effect induced by vanadium. Eggshell thickness (linear, P < 0.01), redness (linear and quadratic, P < 0.05), and yellowness (linear and quadratic, P < 0.05) were decreased by vanadium and increased by the effect of TP when a vanadium-containing diet was fed. In the depletion phase, the bleaching effect on eggshells induced by vanadium disappeared one wk after vanadium withdrawal. Eggshell thickness, eggshell strength, albumen height, and HU were lower (P < 0.05) in the 15 mg/kg vanadium group compared with the control diet until 2 wk post vanadium challenge, but hens fed 15 mg/kg vanadium and 600 mg/kg TP showed no difference from the control diet only after 1 wk withdrawal. In the liver, the activity of glutathione S-transferases and glutathione peroxidase was increased (linear, P < 0.01) with the TP addition at 5 wk in the accumulation phase in the vanadium-containing diet; the malondialdehyde content increased (linear effect, P = 0.02) with the addition of vanadium. The results indicate that supplementation of 10 and 15 mg/kg vanadium resulted in reduced albumen quality, bleaching effect on eggshell color, and antioxidant stress in the liver. The effect of TP addition can prevent laying hens from the adverse effect of vanadium on egg quality, liver antioxidant stress and shorten the recovery time.
INTRODUCTION
In recent years, there has been an increased interest in the toxicological effects of vanadium, especially in poultry, which is more vulnerable than other species (Domingo et al., 1991; Domingo, 2000) . Supplementation of more than 10 mg/kg vanadium in the layer diets has been shown to adversely affect body weight (BW), egg production, and albumen height (Sell et al., 1986; Henry and Miles, 2001; Bressman et al., 2002; Davis et al., 2002; Odabaşi et al., 2006) .
Eggshell quality and egg internal quality are of great importance for customer preference. Laying hens in the late phase of production are under great oxidative stress, and their bodies are vulnerable to external en-C 2016 Poultry Science Association Inc. Received August 17, 2015 . Accepted February 4, 2016 Corresponding author: wangjianping1983@hotmail.com vironmental impacts, and egg quality deteriorates as a result (Al-Batshan et al., 1994) . Supplementation of 20 mg/kg vanadium in the diet can lead to a Haugh unit (HU) decrease within only 3 d (Toussant and Latshaw, 1994) . Vanadium in feed mainly comes from phosphate. The concentration of vanadium in phosphate may vary and has been reported to be as high as 6,000 mg/kg in some deposits (Henry and Miles, 2006) . In our previous survey, we found that the contents of vanadium ranged from zero to 5.2 mg/kg in laying peak feeds of the China market (Yuan et al., 2015) . Vanadium is often found to concentrate in the kidneys and liver to the largest extent in the body (Lagerkvist and Oskarsson, 2007) , and the liver represents the largest metabolism organ (Waters et al., 1975) . High vanadium exposure impacts the expression of genes involved in inflammation and immune responses and causes DNA damage to genotoxicity in humans (Rodríguez-Mercado and AltamiranoLozano, 2006) .
Tea polyphenols (TP), as a natural antioxidant, can scavenge reactive oxygen species or chelate transition metals directly (Frei and Higdon, 2003) . Diets including 0.5% extract of green tea significantly (P < 0.05) improved feed intake, egg production, yolk weight, and yolk index (Ariana et al., 2011) . There is no research about the effect of TP on production performance, egg quality, and hepatic antioxidant status of laying hens in vanadium-containing diets and its sub-sequential effect after vanadium withdrawal.
Therefore, this research aims to study the effect of dietary TP supplementation on production performance, egg quality, and hepatic antioxidant status of laying hens in vanadium-containing diets.
MATERIALS AND METHODS

TP Preparation
TP was purchased from Clooney Tea Technology (Co., Ltd. Ya'an, China), with 63.58% purity. It was composed of 40.2% catechin, 21.97% epigallocatechin gallate, 6.84% caffeine, and 3.69% moisture.
Birds, Diets, and Management
The experimental protocol used in the study was approved by the Animal Care and Use Committee of Sichuan Agricultural University. At 67 wk of age, a total of 300 Lohman laying hens were randomly divided into 10 treatment groups in a completely randomized design involving a 3 × 3 (vanadium levels × TP levels), which included 2 phases: a 5-wk accumulation phase and a 3-wk depletion phase. In the accumulation phase, hens were given either a diet without vanadium and TP supplementation (control) or diets supplemented with 5, 10, or 15 mg V/kg diet and 3 levels of TP (0, 600, 1,000 mg/kg) diets. Then, all of the hens were changed to basal diets in the depletion phase. There were 6 replicates with 5 birds per replicate and birds were housed individually in stainless steel cages (38.1cm-width × 50 length × 40 height) and room environment was controlled at 22
• C by a daily lighting schedule of 16 h light and 8 h dark. Hens were allowed ad libitum access to experimental diets and water.
The basal diet is shown in Table 1 , and was formulated according to recommendations of the manual of the breeder for Roman layers and to meet or exceed the requirement of the NRC (NRC, 1994) . Vanadium was added in the form of ammonium metavanadate. All diets were provided in mash form.
Sample Collection and Measurements
Hen-day egg production, egg weight, and hen mortality were recorded daily. Feed consumption was recorded per wk. All eggs were collected to measure egg quality at one, 3, and 5 wk in the accumula- tion phase and every wk in the depletion phase. At the end of the accumulation phase, chicks were sacrificed by cervical dislocation, and livers were quickly removed, frozen, and powdered in −20 • C stored until assay.
Egg Quality
The eggshell color [L * (lightness), a * (redness), and b * (yellowness)] values were measured by a color meter (Minolta CR410 chroma meter, Konica Minolta Sensing Inc., Osaka, Japan). Eggshell strength was evaluated using an eggshell force gauge model II (Robotmation Co., Ltd., Tokyo, Japan). In addition, eggshell thickness was measured on the large end, equatorial region, and small end, respectively, using an eggshell thickness gauge (Robotmation Co., Ltd., Tokyo, Japan). The egg weight, egg yolk color, and Haugh unit were evaluated using an egg multi tester (EMT-7300, Robotmation Co., Ltd., Tokyo, Japan). 
Antioxidant Enzyme Activity Assay
Eggshell Color Score
Eggshell color score ranged from 1 to 5 points, and the specific score standard is shown in Figure 1 ; with the increase of the fraction, the color of the shell gradually deepened.
Chemical Analysis
The dry matter (method 930.15), crude protein (CP; method 990.03), calcium (method 984.01), and phosphorus (method 965.17) of basal diets were analyzed as described by AOAC International (1996) . Methionine and cysteine were analyzed as Met sulfone and cysteic acid after cold performic acid oxidation overnight before hydrolysis, and tryptophan was determined after 0.5 mol/L NaOH hydrolysis for 22 h at 110
• C.
Statistical Analysis
To test the effect of supplemental TP in vanadiumcontaining diets (SAS Institute, 1998), data were analyzed using single df contrast to compare all TP in vanadium-containing diets with the control. Data excluding the control were further analyzed as a 3 × 3 (vanadium levels × TP levels) factorial arrangement of treatments by 2-way ANOVA with a model that included the main effects of vanadium level and TP levels, as well as their interaction. When an effect was significant (P < 0.05), means were compared by Duncan's multiple comparison tests to determine specific differences among means. Linear and quadratic regression contrasts were included in the analysis to determine the animal response to increasing dietary vanadium and TP levels. Table 3 . Effect of tea polyphenols on production performance of laying hens in vanadium-containing diets during depletion phase (one to 3 wk). 
RESULTS
Production Performance
Analysis of the vanadium concentrations in the diets demonstrated that the final concentrations in the diets were similar to the calculated values (1.62, 7.01, 6.71, 6.94, 12.20, 11.30, 12.41, 16.61, 17.43 and 16 .58 mg/kg). The effect of TP didn't alter egg production, egg weight, ADFI, feed conversion ratio (FCR), or broken egg rate during the accumulation phase in the vanadium-containing diets (Table 2); it linearly increased (P < 0.01) egg production in vanadium-containing diets in the depletion phase (Table 3) .
Egg Quality
During the accumulation phase, dietary vanadium addition resulted in a decreased (linear, P < 0.01) albumen height and HU, and TP supplementation overcame (linear, P < 0.01) this reduction effect induced by vanadium (Table 4) . Layers fed 15 mg/kg vanadium had lower (quadratic, P = 0.04) yolk color than those fed 10 mg/kg. Eggshell thickness (linear effect, P < 0.01), redness (a * ) (linear and quadratic effect, P < 0.05), and yellowness (b * ) (linear and quadratic effect, P < 0.05) were decreased by the effect of vanadium and increased by the effect of TP when a vanadium-containing diet was fed. The lightness (L * ) of eggshell color was increased (linear and quadratic effect, P < 0.01) as vanadium supplementation levels increased, but decreased (linear and quadratic effect, P < 0.01) when TP was supplied in a vanadium-containing diet. Lightness reduced (interaction, P = 0.04) more obviously when TP was administrated at a level of 1,000 mg/kg than 600 mg/kg TP when a vanadium-containing diet was fed. Layers fed 15 mg/kg vanadium without TP had lower eggshell weight than control (P < 0.01). In the depletion phase, albumen height and HU were decreased (linear, P < 0.01) by vanadium addition. The a * (linear, P < 0.01) and b * (linear, P < 0.01) values were increased by the effect of TP when a vanadium-containing diet was fed (Table 5 ). The L * value was higher and, a * , b * values were lower in 15 mg/kg vanadium without TP groups compared with the control diet until one wk post vanadium challenge (Table 6 ). Until the second week, eggshell thickness, eggshell strength, albumen height, and HU has been recovered, but hens fed 15 mg/kg vanadium and 600 mg/kg TP groups compared with the control diet had no difference only for one wk (Table 7) .
Eggshell Color Score
At the end of the accumulation phase, the color score of eggs in the control group mainly ranged from 2 to Means with different superscripts within a column differ significantly (P < 0.05).
1 Each mean represents 6 cages, with one layer/cage. Abbreviation represented: TP = tea polyphenols.
4 points ( Table 8) . Supplementation of vanadium at levels of 10 or 15 mg/kg increased the percentage of eggs scored at 1 to 2 (94.44 and 80%, respectively), and TP can effectively alleviate this phenomenon.
Antioxidant Status in Liver
The activity of GSH-ST and GSH-PX increased linearly (P < 0.01) with the TP addition in vanadiumcontaining diets (Table 9 ). The content of MDA was increased (linear effect, P = 0.02) by vanadium, but TP had no effect on the activity of SOD or T-AOC in vanadium-containing diets.
DISCUSSION
It has been demonstrated that more than 20 mg/kg dietary vanadium supplementation can reduce laying hens' production performance (Ousterhout and Berg, 1981) . Bressman et al. (2002) also reported that feeding 40 and 60 mg V/kg diets decreased feed consumption and egg production, but feed efficiency and egg weight were not affected in their 56-d experiment. However, in our study, we found that up to 10 or 15 mg V +5 /kg didn't change egg production, feed consumption, and average egg weight during one to 12 wk of the experiment . Similarly, Sell et al. (1986) showed that feeding hens with 9.9 mg V/kg from dicalcium phosphate did not change egg production, feed consumption, or average egg weight during 28 d of the experiment. The discrepancy may be due to the lower supplementation levels and the shorter feeding time in our study. On the other hand, we also found that the 15 mg V /kg group had a tendency for a decrease (P = 0.07) in average egg weight. This indicates that the negative effect of a low level of vanadium may increase with time and dosage. Moreover, we found that feeding 600 or 1,000 mg/kg TP can increase egg production in vanadium-containing diets during the depletion phase, which indicates that TP can improve egg production in laying hens in the late phase.
In the present study, HU and albumen height were numerically decreased as a result of vanadium administration, which can be overcome by TP. Also, Davis et al. (1995) reported a similar decline in interior quality within 2 d after feeding 10, 20, or 30 mg/kg added vanadium. As little as 6 mg/kg vanadium in the diet reduced albumen quality (Sell et al., 1982; Wang et al., 2015) . The exact mechanism of this observation is not clear. Deterioration of internal egg quality has been speculated to be mediated by an inhibition of magnum motility during egg formation (Eyal and Moran, 1984) ; others found significant differences in magnum fold height and surface height in leghorn layers (Toussant et al., 1995) . Moreover, V +5 is a strong oxidizing agent; it can cause magnum oxidative stress to influence the structure and function of the magnum. As shown in our present study, TP can protect albumen quality Table 7 . Effect of tea polyphenols on eggshell quality of laying hens in vanadium-containing diets during depletion phase (1 to 3 wk). deterioration caused by vanadium addition, which may be due to its direct antioxidant function by scavenging reactive oxygen species or chelating transition metals. Eggshell quality, including eggshell thickness, strength and color, can be affected by many factors, such as strains, age, and nutrition (Roberts, 2004; Ahmadi and Rahimi, 2011) . The effect of vanadium was found to bleach shell color in the present study, which was in accordance with our previous research . Odabaşi et al. (2006) found that the addition of 30, 50, and 100 mg vanadium in brown-type laying hen diet led to a bleaching effect on eggshell color. Interestingly, we also observed that vanadium addition decreased eggshell weight, thickness and strength, which has not been reported in other references yet. Although, the mechanism is not clear, it may be because the layers we used in this study were in the late production cycle, which may be more vulnerable to vanadium toxicity. At the same time, TP can prevent the decrease in eggshell thickness and strength, and the bleached shell color caused by vanadium. We hypothesis that vanadium changes the eggshell quality by increasing the level of uterus (eggshell formation part) oxidation, which oxidizes the eggshell pigment, and TP increases the level of uterus antioxidant status or restores the pigment to protect the eggshell.
In the liver, the concentration of MDA was increased with the dose of vanadium, GSH-Px activities and GSH-ST was increased by TP supplementation. It has been proven that vanadium can induce the formation of reactive oxygen species (ROS) in a biological system. Among ROS, superoxide anions, hydroxyl radicals, and hydrogen peroxide enhance the oxidative process and induce lipid peroxidative damage in cells (Evangelou, 2002; Leonard et al., 2004; Liu et al., 2011) , which may result in alteration of antioxidant enzymes and lipid peroxidation of the body. Supportably, we found that the activities of antioxidant enzymes (GSH-Px and GSH-ST) were decreased and MDA contents were increased by the effect of vanadium in the present study. Also, it was found that green tea intake increased the activity of liver antioxidant enzymes such as GSH-Px and oxidized glutathione (GSSG), as well as reduced glutathione (GSH) and improved the total antioxidant activity (Siess et al., 1996) . This can be accounted for better for egg quality in further studies. 
